While most cases of heart failure are thought to be due to depressed systolic function, about 40-50% of symptomatic patients have preserved ejection fractions and are diagnosed with heart failure with preserved ejection fraction (HFPEF) or left ventricular diastolic dysfunction (LVDD) [7] [8] [9] In contrast to systolic heart failure, the diagnosis of LVDD is challenging as no clear diagnostic criteria or definite noninvasive tests to assess diastolic function are currently available; thus, the impact of the current management strategies on mortality is questionable. Among known risk factors, aging is strongly correlated with development of LVDD. [6, 10, 11] With normal aging, there is progressive development of ventricular stiffening and reduced relaxation, [12, 13] which may predispose to development of LVDD in patients who also suffer from chronic conditions such as ischemic cardiomyopathy, hypertension, or diabetes. However, as the epidemic of diabetes and systemic hypertension continues to grow and the population ages, it is likely that incidence and prevalence of LVDD will also continue to increase. [6] A recent study by Lam and colleagues has demonstrated that the prevalence of PH in the setting of LVDD is high. Using Doppler echocardiography in a group of 244 patients with LVDD, it was found that the prevalence of PH (defined as pulmonary artery systolic pressure or PASP of >35 mmHg) was estimated to be 83% with a median PASP of 48 mmHg. Moreover, just as with post myocardial infarction [14, 15] and idiopathic dilated cardiomyopathy, [16] the presence of PH in this group was a shown marker for increased mortality [14] ( Fig. 1 ). In addition, it has been proposed that there is a subset of these patients who exhibit PH "out of proportion" to the degree of left ventricular dysfunction and suffer from a form of PH which resembles pulmonary arterial hypertension (WHO Group I); whether these patients have a worse prognosis or respond differently to heart failure therapy, however, is unknown. [15, 17, 18] An understanding of the pathophysiology of PH in the setting of LVDD is mandatory prior to deciding on the optimal diagnosis and treatment strategies. In this review, we will summarize the current evidence for the various diagnostic studies and therapies available for PH and LVDD and will present an approach that will hopefully facilitate the proper management of patients with these conditions.
PAtHoPHySIology of PH-lVdd
PH-LVDD is a consequence of abnormally elevated left ventricular diastolic pressures (LVDP) and pulmonary venous congestion. [19] In LVDD, the curve for LV diastolic pressure in relation to volume is shifted upward and to the left with a resultant increase in diastolic LV filling. Elevation of LVDP is the result of both abnormal active relaxation and increased passive stiffness of the left ventricle. [6, 8, 11, 15, 18, 20] The face that both mechanisms play an active role in the pathophysiology of elevated LVDP was demonstrated in a study in which, despite correction of slow relaxation, LV pressures failed to normalize as a result of increased chamber stiffness. [21] Given the decreased pressure gradient between the left ventricle and the pulmonary venous circulation, venous return is reduced and pulmonary venous pressures increase resulting in progressive distension and damage to the pulmonary veins. [22, 23] In this setting, patients can progress to pulmonary edema and alveolar hemorrhage unless the LVDP is reduced with targeted therapy. Moreover, just as with idiopathic dilated cardiomyopathy [16] and post myocardial infarction [14, 15] , the presence of PH in this group was a shown marker of increased mortality (Fig 1) . [14] While most cases of PH-LVDD result from passive venous congestion, a subset of patients suffer from a more severe form of PH-LVDD characterized by findings of increased vascular tone and abnormal pulmonary artery remodeling. Vasoconstriction is thought to be secondary to endothelin release from the pulmonary endothelium in response to venous congestion and subsequent smooth muscle contraction in the neighboring medial layer. While potentially reversible if treated early, vasospasm may progress to a "remodeling" of the pulmonary arteries possibly leading to irreversible vascular disease. The vascular pathology in these cases can be indistinguishable from WHO Class I PAH and is postulated to occur from changes in the elastic fibers of the pulmonary arterial wall, intimal fibrosis, and medial hypertrophy. In addition, abnormal thickening of the veins and neointima formation can also be seen in these cases. In contrast to WHO Class I patients, there is great potential for reversibility of these changes in PH-LVDD with specific treatment of LVDD and improvement of pulmonary venous hypertension. [15, 18, 24] dIAgNoSIS of PH-lVdd Clinically, patients with PH-LVDD usually present with worsening dyspnea, weight gain, and progressive limitation in exercise capacity. In contrast to patients with PAH, patients with PH-LVDD may also complain of orthopnea and paroxysmal nocturnal dyspnea. The physical examination may reveal signs of fluid retention such as peripheral edema, ascites, and inspiratory crackles; additionally, the cardiac examination typically will reveal presence of an S3, distented jugular veins, and hepatojugular reflux. Further clinical clues that can help differentiate PAH from PH-LVDD include the presence of left atrial enlargement, left rather than right ventricular hypertrophy on EKG, and the finding Figure 1 : Survival of patients with PH-LVDD is inversely correlated to degree of pulmonary artery systolic pressure (PASP) elevation (Adapted from Lam et al [14] ).
of Kerley B lines, pleural effusion, and pulmonary edema on a chest X-ray. [22] Despite the wealth of information that can be obtained through the use of history, physical examination, and CXR, it can still be difficult for the clinician to differentiate between systolic and diastolic left ventricular impairment without further investigation. Among the imaging studies available for the evaluation of patients with possible PH-LVDD, transthoracic echocardiography (TTE) provides invaluable insight on the anatomy and function of the left ventricle and can help differentiate between systolic and diastolic failure (Fig. 2) . Current diagnostic criteria for diastolic dysfunction center on estimating left ventricular filling pressures or abnormal diastolic filling profile. The most useful criteria include left atrial volume, mitral inflow filling profile and tissue Doppler annular velocities profiles. In addition, TTE can provide an estimate of the pulmonary pressures via measurement of right ventricular systolic pressure (RVSP), and can also help identify cardiac valve problems that can also impact left ventricular function. [3, 8, 15, 24] Using the information provided by TTE, several groups have attempted to reach a consensus definition for LVDD. In 1998, for example, the European Society of Cardiology proposed the following criteria for the diagnosis of LVDD: (1) presence of signs and symptoms of CHF; (2) normal or mildly abnormal left ventricular systolic dysfunction defined as EF>45%; and (3) evidence of abnormal left ventricular relaxation, filling, distensibility, or diastolic stiffness. [25] While these criteria attempt to resolve the confusion surrounding the diagnosis of LVDD, there is still an ongoing debate on whether cases of combined systolic and diastolic dysfunction can be reliably differentiated and whether TTE alone is enough to predict left ventricular dysfunction. For this reason, some experts have advocated for routine measurements of left ventricular diastolic filling to determine the presence of diastolic dysfunction. This can be done using the E/A ratio, a measure that incorporates passive left ventricular filling during diastole (E) and active filling following left atrial contraction (A). In normal hearts, the E/A ratio can be between 0.7 and 1.4; however, in the setting of diastolic dysfunction, this ratio reverses and values become less than 0.7. [4] Finally, there are studies showing that even the single presence of an abnormally elevated left atrial pressure [26] can serve as a reliable indicator for LVDD.
Despite both its ability to visualize cardiac function noninvasively in real time and also its availability, there are significant limitations to the diagnostic potential of TTE in PH-LVDD. These limitations are due to the fact that TTE is both operator dependent and its reproducibility may vary from center to center. In addition, because pulmonary hypertension itself produces diastolic filling abnormalities in the LV, Doppler echocardiography cannot be relied on to distinguish between Class 1 and 2 PH. Furthermore, proper visualization of the left ventricle in some patients may be technically difficult and severely limit measurement of functional parameters. [27] Thus, given the technical limitations of TTE, confirmation of the diagnosis of PH-LVDD will require further testing.
Since its discovery in 1988, brain natriuretic peptide (BNP) has been shown to be both a sensitive and specific biomarker of altered left ventricular structure and function that increases under of atrial and/or ventricular pressure overload and with cardiomyocyte hypertrophy. [28] [29] [30] [31] [32] While its role of patients with systolic CHF has been demonstrated in multiple studies, the use of plasma BNP in the evaluation and management of LVDD is less clear. A major barrier to the routine use of BNP in this setting is the lack of an appropriate threshold value that can help distinguish between left ventricular hypertrophy and diastolic dysfunction or failure. This was shown in a European study where 1,678 patients were screened for diastolic dysfunction using measurements of serum BNP. In this study, despite its high negative predictive value (99.9%), plasma BNP in the detection of diastolic dysfunction had an estimated sensitivity and specificity of 61 and 55%, respectively. [33] The poor performance of the BNP test is likely related to a number of confounding factors within the target population such as presence of LVH and age. However, while age alone can increase plasma BNP, elderly patients with isolated diastolic dysfunction are likely to have higher BNP levels with advanced filling abnormalities on TTE than those with milder forms of diastolic dysfunction. [34] While use of plasma BNP measurements alone may be of limited diagnostic utility, its combination with other modalities can result in an increased diagnostic yield. Studies have shown positive correlation between BNP and echocardiographic measures of diastolic filling (i.e., E/A ratio, see above) at rest and at peak exercise. [35, 36] Thus, while alterations in BNP seem to correlate with LVDD, the role of plasma BNP measurements in diagnosis need to be established further.
In recent years, more centers have started to use cardiopulmonary exercise testing (CPET) in the diagnosis of both systolic and diastolic LV failure. Since most patients with PH-LVDD will experience worsening symptoms with exercise, the CPET provides a unique opportunity to study cardiopulmonary interactions, measure left ventricular reserve, and determine whether a pulmonary vascular limit to exercise is present. Furthermore, in patients with no obvious diastolic filling abnormalities at rest, the CPET may help confirm the diagnosis and reveal the contribution of pulmonary, hematologic, musculoskeletal, and neurologic components to the patient's clinical picture. [18, [37] [38] [39] Despite the advantages offered by the CPET, it is a labor-intensive study that few centers can perform routinely and most patients will need referral to more specialized clinics, an event that can delay the diagnosis of this condition.
Currently, the gold standard for diagnosis of PH and LVDD is right heart catheterization. In the presence of an elevated pulmonary capillary wedge pressure (PCWP) and a normal ejection fraction, a diagnosis of pulmonary venous hypertension secondary to LVDD should be strongly considered (Fig. 3) . In patients in which determination of a PCWP is either technically difficult or when the presence of other conditions such as atrial myxoma, mediastinal fibrosis, or pulmonary vein stenosis may be creating false positive results, direct measurement of left ventricular end diastolic pressure (LVEDP) should be performed. Finally, it should be pointed out that changes in intrathoracic pressures affect PCWP and LVEDP measurements and reliable values can only be obtained during end expiration. [2, 3, 15, 24] While an elevated PCWP and LVEDP in the setting of a preserved ejection fraction argues strongly in favor of LVDD, some patients can present with symptoms of LVDD without evidence of elevated PCWP and LVEDP. In these patients, differentiation of pulmonary venous from arterial hypertension is very difficult and will require the use of additional diagnostic studies to elicit evidence of diastolic dysfunction such as an exercise, fluid, or inotropic challenge. [15, 40, 41] Under these conditions, patients with PAH may increase their cardiac output without a significant change in the PCWP while those with PH-LVDD will show both an increase in cardiac output and PCWP supporting the presence of pulmonary venous hypertension.
As alluded to previously, there appears to be two types of patients with PH-LVDD: those whose PH is explained solely by the increase in pulmonary venous pressures; and those who, despite improvement of LV function and fluid status, will demonstrate evidence of persistent PH. In the first group, PH is a compensatory response to increase the pressure gradient between the pulmonary veins and the left ventricle, while in the second group there appears to be a combination of pulmonary arterial and venous hypertension. [14] Despite the absence of firm diagnostic criteria, it may be possible to distinguish these two disease phenotypes by using the transpulmonary gradient (TPG), defined as the difference between the mean pulmonary artery pressure (mPAP) and the PCWP. In patients with PH-LVDD secondary to passive venous congestion, the TPG will be <10 given that both mPAP and PCWP increase to a similar degree. In contrast, patients with PH-LVDD with a superimposed pulmonary arterial component will display TPG that can range between 25 and 35 mmHg, an increase that is considered to be "out of proportion" to what is expected from pulmonary venous hypertension alone (Fig. 3) . [15, 18] Given that a proposed component in the pathology of elevated TPG is pulmonary vasoconstriction, some experts have recommended the routine performance of vasodilator testing in these patients; however, whether the presence of a vasodilator response in this group of patients would carry the same prognostic and therapeutic implications as in cases of PAH is unclear at this time. 
tREAtMENt of PH-lVdd
Despite the high prevalence of LVDD in the general population, few therapies have been systematically studied and their impact survival remains unproven. Initial management is centered on improving symptoms related to volume overload with the use of oral and/or intravenous diuretics. Given that most patients with LVDD suffer from systemic hypertension, aggressive control of blood pressure should be attempted with a goal of achieving less than 130/85 mmHg. Medications such as the ACE inhibitors, angiotensin receptor blockers (ARBS), beta blockers and calcium channel blockers can induce regression of left ventricular hypertrophy and improve diastolic relaxation and ventricular filling. [4, 6, 23] The presence of PH has been shown to be a marker of poor prognosis and increased mortality in patients with heart failure. [18, 42, 43] For those patients in whom the PH fails to improve despite aggressive management of LVDD as well as for those who suffer from the "out of proportion" form of PH-LVDD, the optimal management remains unclear. Currently, there are no FDA-approved medications for the management of PH-LVDD, and the efficacy and safety of PAH specific therapies for this indication has not been critically evaluated. Available studies using prostanoid agents to treat patients with CHF have revealed conflicting data that limit enthusiasm for their routine use in this patient population. For example, one study found that, in patients with PH and end-stage CHF preparing for cardiac transplantation, inhaled iloprost was as safe and effective as nitric oxide in reducing pulmonary pressures preoperatively. [44] Several studies using IV epoprostenol have shown acute improvement in left ventricular ejection fraction, [45, 46] but the duration of this effect in the long-term has not been evaluated. While these studies suggest that prostanoids can improve cardiac function in CHF patients, there is also evidence for significant adverse events in the wake of their use. The Flolan International Randomized Survival Trial (FIRST) was designed to study the long-term impact of epoprostenol (i.e., flolan) therapy on patients with refractory CHF. This trial was stopped prematurely as a result of an increased mortality in the treatment arm which was thought to be a consequence of epoprostenol-induced increased venous hypertension and worsening PCWP. [47] While most patients in the previously mentioned studies were diagnosed with systolic CHF, it is possible that these adverse effects could also occur in PH-LVDD patients in which prostanoid therapies are introduced. Therefore, at this time, we advise against using prostanoids to treat PH in the setting of systolic and/or diastolic heart failure until further characterization is undertaken.
E n d o t h e l i n re c e p to r a n t a g o n i s t s ( E R A s ) a n d phosphodiesterase 5 (PDE5) inhibitors are two classes of oral therapies used in the management of patients with WHO Class 1 PAH. As with prostanoids, there have been a few studies that have looked at their impact on left ventricular performance in patients with heart failure. The Endothelin A Receptor Antagonist Trial in Heart Failure Trial recruited 642 patients who had LVEF less than 35% and persistent symptoms of CHF despite use of standard CHF therapies and randomized them to either placebo or the ERA darusentan. After 24 weeks, there was no evidence of regression in left ventricular remodeling nor improvement in left ventricular function. [48] Another study using bosentan to treat patients with severe CHF was terminated early as a result of increased liver toxicity and failure of the drug to demonstrate any clinical benefit. [48] At present, a study looking at the safety and efficacy of bosentan in patients with diastolic heart failure and secondary PH (BADDHY trial, NCT00820352) is currently enrolling participants and should hopefully help clarify the role of ERAs in PH-LVDD.
Of all the FDA-approved therapies for treatment of PAH, the PDE5 inhibitors hold the most promise for management of PH-LVDD. In a small case series, patients with PH and left heart disease treated with the PDE5 inhibitor sildenafil demonstrated a reduction in pulmonary artery pressures and an increase in exercise capacity without changing cardiac index or PCWP. [49] A more recent study by the same group showed that in a group of 45 patients with stable systolic failure treated with sildenafil for one year, there was evidence for improved diastolic filling and regression of LV hypertrophy and left atrial distension. [50, 51] While these data are very encouraging, more systematic studies are required prior to recommending the routine use of PDE5 agents on PH-LVDD. Of note, a Phase II/III randomized double-blind clinical trial looking at the impact of sildenafil in pulmonary hemodynamics in patients with PH-LVDD over a 1-year period (NCT01156636) has been completed and the data are currently being analyzed.
CoNCludINg REMARKS
PH-LVDD is a unique form of PH that is associated with poor prognosis and for which the optimal management strategy remains to be determined. Evaluation and approach to management of these patients are further complicated by the existence of patients whose PH is a consequence of elevated pulmonary congestion and those who may have both pulmonary arterial and venous pathology, leading to more severe PH, and possibly worse outcomes. While the early diagnostic approach can include a careful history, physical examination, performance of a TTE and/ or exercise study, the only way to firmly establish the diagnosis of PH-LVDD is by right heart catheterization. Initial management of PH-LVDD should focus on optimizing blood pressure and fluid status followed by reassessment of pulmonary pressures to gauge the impact of these interventions on pulmonary hemodynamics. At this time, the use of PH-specific therapies in patients who fail to demonstrate improvement in PH with CHF management is undetermined. Use of these agents (prostanoids, ERAs, and PDE5 inhibitors) should only be done as part of clinical studies designed to evaluate their efficacy in controlling PH with LVDD.
